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(57) ABSTRACT

A system includes first, second, and third sets of LEDs and a
control module. The first set of LEDs outputs light having
wavelengths in a wavelength range in a spectrum of ultravio-
let light and is coated with a phosphor to convert the ultravio-
let light to blue light having wavelengths in a wavelength
range in a spectrum of blue light. The second and third sets of
LEDs output light having wavelengths in a wavelength range
in the spectrum of blue light and is coated with phosphors to
convert the blue light to light having wavelengths in a wave-
length range in a spectrum of green, yellow, and red light. The
second set of LEDs generates less red light than green light.
Thethird set of LEDs generates less green light than red light.
The current control module controls currents through the first,
second, and third sets of LEDs to generate white light.
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CURRENT BALANCING CIRCUITS FOR
LIGHT-EMITTING-DIODE-BASED
ILLUMINATION SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/831,386, filed Jun. 5, 2013. This applica-
tion is a continuation-in-part of U.S. patent application Ser.
No. 13/715,223, filed Dec. 14, 2012, which claims the benefit
of U.S. Provisional Application No. 61/576,511, filed Dec.
16, 2011 and U.S. Provisional Application No. 61/678,513,
filed Aug. 1, 2012. The entire disclosures of the above appli-
cations are incorporated herein by reference.

FIELD

The present disclosure relates generally to light emitting
diode (LED)-based illumination systems and more particu-
larly to current balancing circuits for LED-based illumination
systems.

BACKGROUND

The background description provided herein is for the pur-
pose of generally presenting the context of the disclosure.
Work of the presently named inventors, to the extent the work
is described in this background section, as well as aspects of
the description that may not otherwise qualify as prior art at
the time of filing, are neither expressly nor impliedly admitted
as prior art against the present disclosure.

Light emitting diode (LED)-based illumination systems
are being increasingly used particularly in commercial appli-
cations. Some examples of commercial applications where
LED-based illumination systems are used include billboards,
computer displays, and television screens. LED-based lamps
can also be used in home and office environments. For
example, LED-based lamps having the shape of a conven-
tional light bulb or a tube light can be used in home and office
environments. LED-based lamps that can be used in home
and office environments, however, are not yet as affordable as
incandescent and fluorescent lamps.

Lamps that generate white light are generally preferred in
home and office environments. LEDs can be used to manu-
facture lamps that generate white light. For example, LEDs
that generate red, green, and blue light can be used to manu-
facture lamps that generate white light. Specifically, light
generated by red, green, and blue LEDs can be combined to
produce white light. LEDs that generate pure red and green
light, however, can be relatively expensive.

Alternatively, LEDs that generate blue light and phosphors
that convert blue light into red and green light can be used to
produce white light. Specifically, blue LEDs can be coated
with a mixture of red and green phosphors. Some of the blue
light output by the blue LEDs is converted to red and green
light by the red and green phosphors, respectively. Some of
the blue light output by the blue LEDs may escape the phos-
phors without getting converted. The red and green light
converted by the phosphors combines with the blue light that
escapes unconverted to produce white light.

The mixture of red and green phosphors produces optimum
light output when excited by blue light having specific wave-
lengths. For example, most red and green phosphors convert
blue light optimally when the wavelength of the blue light is
approximately 450 nm. Accordingly, blue LEDs that produce
blue light within a narrow range of wavelengths (e.g., 450
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nm=5 nm) are typically selected to generate white light, and
blue LEDs that produce light having wavelengths outside of
the narrow range of wavelengths are typically rejected. The
stringent selection process and rejection of numerous LEDs
increases the cost of generating white light using blue LEDs.
Additionally, the coating of the phosphor mixture may not be
uniform across the LEDs. Due to variations in the coating, the
whiteness of the light produced by the LEDs may vary from
LED to LED. Accordingly, the LEDs need to be selected
using a binning process, which further increases cost.

SUMMARY

A system comprises a first set of light emitting diodes, a
second set of light emitting diodes, a third set of light emitting
diodes, and a control module. The first set of light emitting
diodes is configured to output light having wavelengths in a
wavelength range in a spectrum of ultraviolet light. The first
set of light emitting diodes is coated with a phosphor config-
ured to convert the ultraviolet light to blue light having wave-
lengths in a wavelength range in a spectrum of blue light. The
second set of light emitting diodes is configured to output
light having wavelengths in a wavelength range in the spec-
trum of blue light. The second set of light emitting diodes is
coated with phosphors configured to convert the blue light to
light having wavelengths in a wavelength range in a spectrum
of (i) green light, (ii) yellow light, and (iii) red light. The
second set of light emitting diodes is configured to generate
less red light than green light. The third set of light emitting
diodes is configured to output light having wavelengths in a
wavelength range in the spectrum of blue light. The third set
of light emitting diodes is coated with phosphors configured
to convert the blue light to light having wavelengths in a
wavelength range in a spectrum of (i) green light, (ii) yellow
light, and (iii) red light. The third set of light emitting diodes
is configured to generate less green light than red light. The
current control module is configured to control currents
through the first, second, and third sets of light emitting
diodes to generate white light.

In another feature, a number of light emitting diodes in the
first set of light emitting diodes is less than a number of light
emitting diodes in each of (i) the second set of light emitting
diodes and (ii) the third set of light emitting diodes.

In another feature, the current control module is configured
to control a proportion of currents through the first, second,
and third sets of light emitting diodes to generate white light
of a predetermined color temperature.

In another feature, the system further comprises a fourth set
of light emitting diodes configured to output light having
wavelengths in a wavelength range in a spectrum of red light.
The current control module is configured to control a propor-
tion of currents through the first, second, third, and fourth sets
of light emitting diodes to generate white light of a predeter-
mined color temperature.

In another feature, the system further comprises a bright-
ness control module configured to allow a user to control a
brightness level of the white light generated by the first,
second, and third sets of light emitting diodes. The current
control module is configured to control a proportion of cur-
rents through the first, second, and third sets of light emitting
diodes in accordance with the brightness level to generate
white light of a predetermined color temperature.

In another feature, the current control module is configured
to increase a percentage of current through the third set of
light emitting diodes relative to the first and second sets of
light emitting diodes in response to the brightness level being
decreased.
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In another feature, the current control module is configured
to increase a percentage of current through the second set of
light emitting diodes relative to the first and third sets of light
emitting diodes in response to the brightness level being
increased.

In another feature, the system further comprises a load
connected in parallel to the first, second, and third sets of light
emitting diodes. The load does not include light emitting
diodes. In response to the brightness level being decreased to
less than or equal to a predetermined threshold, the current
control module is configured to divert a first portion of current
through the load, and distribute a second portion of the current
through the first, second, and third sets of light emitting
diodes.

In still other features, a method comprises outputting light
from a first set of light emitting diodes having wavelengths in
a wavelength range in a spectrum of ultraviolet light; and
converting, using a phosphor coated on the first set of light
emitting diodes, the ultraviolet light to blue light having
wavelengths in a wavelength range in a spectrum of blue light.
The method further comprises outputting from a second set of
light emitting diodes light having wavelengths in a wave-
length range in the spectrum of blue light; and converting,
using phosphors coated on the second set of light emitting
diodes, the blue light generated by the second set of light
emitting diodes to light having wavelengths in a wavelength
range in a spectrum of (1) green light, (ii) yellow light, and (iii)
red light. The method further comprises generating, using the
second set of light emitting diodes, less red light than green
light. The method further comprises outputting from a third
set of light emitting diodes light having wavelengths in a
wavelength range in the spectrum of blue light; and convert-
ing, using phosphors coated on the second set of light emit-
ting diodes, the blue light generated by the third set of light
emitting diodes to light having wavelengths in a wavelength
range in a spectrum of (1) green light, (ii) yellow light, and (iii)
red light. The method further comprises generating, using the
third set of light emitting diodes, less green light than red
light. The method further comprises controlling currents
through the first, second, and third sets of light emitting
diodes to generate white light.

In another feature, the method further comprises including
fewer number of light emitting diodes in the first set of light
emitting diodes than each of (i) the second set of light emit-
ting diodes and (ii) the third set of light emitting diodes.

In another feature, the method further comprises control-
ling a proportion of currents through the first, second, and
third sets of light emitting diodes to generate white light of'a
predetermined color temperature.

In another feature, the method further comprises output-
ting from a fourth set of light emitting diodes light having
wavelengths in a wavelength range in a spectrum of red light;
and controlling a proportion of currents through the first,
second, third, and fourth sets of light emitting diodes to gen-
erate white light of a predetermined color temperature.

In another feature, the method further comprises control-
ling a brightness level of the white light generated by the first,
second, and third sets of light emitting diodes; and controlling
a proportion of currents through the first, second, and third
sets of light emitting diodes in accordance with the brightness
level to generate white light of a predetermined color tem-
perature.

In another feature, the method further comprises increas-
ing a percentage of current through the third set of light
emitting diodes relative to the first and second sets of light
emitting diodes in response to the brightness level being
decreased.
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In another feature, the method further comprises increas-
ing a percentage of current through the second set of light
emitting diodes relative to the first and third sets of light
emitting diodes in response to the brightness level being
increased.

In another feature, the method further comprises in
response to the brightness level being decreased to less than
or equal to a predetermined threshold, diverting a first portion
of current through a load connected in parallel to the first,
second, and third sets of light emitting diodes; and distribut-
ing a second portion of the current through the first, second,
and third sets of light emitting diodes.

Further areas of applicability of the present disclosure will
become apparent from the detailed description, the claims
and the drawings. The detailed description and specific
examples are intended for purposes of illustration only and
are not intended to limit the scope of the disclosure.

BRIEF DESCRIPTION OF DRAWINGS

The present disclosure will become more fully understood
from the detailed description and the accompanying draw-
ings, wherein:

FIG. 1 is a functional block diagram of a light emitting
diode (LED)-based lamp according to the present disclosure;

FIG. 2 is a detailed functional block diagram of the LED-
based lamp of FIG. 1 according to the present disclosure;

FIG. 3A depicts a LED lamp having the shape of a con-
ventional light bulb that uses LEDs according to the present
disclosure;

FIG. 3B is a functional block diagram of the LED lamp of
FIG. 3A,;

FIG. 4 depicts a current control module to control currents
through a plurality of strings of LEDs according to the present
disclosure;

FIG. 5A depicts a LED lamp having the shape of a con-
ventional tube light that uses LED and phosphor layouts
according to the present disclosure;

FIG. 5B depicts the LED and phosphor layouts of the LED
lamp of FIG. 5A;

FIG. 6 depicts a current control module to control currents
through a plurality of strings of LEDs used in the LED lamp
of FIG. 5A according to the present disclosure;

FIG. 7 is a schematic of a current balancing circuit that uses
current mirroring and feedback to control currents through a
plurality of loads according to the present disclosure;

FIG. 8 is a schematic of a simple current mirror circuit that
controls currents through a plurality of LED strings used in
one or more LED lamps disclosed herein;

FIG. 9 is a schematic of a current balancing circuit that uses
current mirroring and feedback to control currents through a
plurality of LED strings used in one or more LED lamps
according to the present disclosure; and

FIG. 10 is a flowchart of a method for controlling current
through a plurality of LED strings in one or more LED lamps
according to the present disclosure;

FIGS. 11A-11C depicts additional ways of generating
white light using blue LEDs, ultraviolet LEDs, and phosphors
according to the present disclosure;

FIG. 11D depicts LED and phosphor layouts of an LED
lamp having the shape of a conventional tube light that uses
one of the additional ways of generating white light shown in
FIGS. 11A-11C;

FIG. 12A depicts one of a plurality of LED strings used to
produce blue light used in producing white light, where the
LED string includes LEDs producing ultraviolet light that is
converted to blue light by a blue phosphor;
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FIG. 12B depicts of a plurality of LED strings used to
produce blue light used in producing white light, where the
LED string includes blue LEDs generating blue light having
preselected wavelengths, and where the blue LEDs are
arranged in a predetermined order;

FIG. 13 is a flowchart of a method for generating white
light according to the present disclosure;

FIG. 14 is a flow chart of a method for controlling currents
through a plurality of strings of LEDs used in the LED lamps
disclosed herein according to the present disclosure;

FIG. 15 depicts a current control module to control currents
through a plurality of strings of LEDs including a string of
ultraviolet LEDs according to the present disclosure;

FIG. 16 A depicts a graph of intensity versus wavelength
for different types of lamps;

FIG. 16B depicts a graph of intensity versus wavelength for
an LED lamp according to the present disclosure;

FIG. 16C depicts a graph of intensity versus wavelength for
an LED lamp according to the present disclosure;

FIG. 17 depicts a current control module to control currents
through a plurality of strings of LEDs including a string of
ultraviolet LEDs and a string of pure red LEDs according to
the present disclosure;

FIG. 18A depicts a current control module to control cur-
rents through a plurality of strings of LEDs including a string
of ultraviolet LEDs and a bleeder branch according to the
present disclosure;

FIG. 18B depicts a current control module to control cur-
rents through a plurality of strings of LEDs including a string
of ultraviolet LEDs, a string of pure red LEDs, and a bleeder
branch according to the present disclosure; and

FIG. 19 is a flow chart of a method for controlling currents
through a plurality of strings of LEDs used in the LED lamps
shown in FIGS. 15,17, 18 A, and 18B according to the present
disclosure.

DESCRIPTION

Blue LEDs that output light over a wide range of wave-
lengths can be used to generate white light. Specifically, blue
LEDs that output light having wavelengths closer to a lower
end of a spectrum of blue light (e.g., less than 450 nm) and an
upper end of the spectrum of blue light (e.g., greater than 470
nm) can be utilized. Additionally, blue LEDs that output light
having wavelengths within a range around 450 nm can also be
used. Thus, essentially, blue LEDs that output light having
wavelengths spanning an entire spectrum of blue light can be
utilized to generate white light.

More specifically, a first set of blue LEDs that output blue
light having first wavelengths closer to the lower end of the
spectrum of blue light (e.g., less than 450 nm) can be used to
generate green light. A second set of blue LEDs that output
blue light having second wavelengths closer to the upper end
of'the spectrum of blue light (e.g., greater than 470 nm) can be
used to generate red light. Additionally, a third set of blue
LEDs that output light having wavelengths between the first
and second wavelengths can also be used. For example only,
the third set of LEDs may produce blue light having wave-
lengths within a range of about +5 nm, +10 nm, or +15 nm
around 450 nm. Alternatively, the third set of LEDs may
include LEDs that emit ultraviolet light instead of blue light
and may be coated with a phosphor that converts the ultra-
violet light into a wideband blue light. The wideband blue
light may have wavelengths spanning an entire spectrum of
blue light including wavelengths less than or equal to 450 nm,
450 nm-470 nm, and wavelengths greater than or equal to 470
nm.
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The first set of LEDs can be coated with a green phosphor
that converts the blue light having the first wavelengths to
green light. The second set of LEDs can be coated with a red
phosphor that converts the blue light having the second wave-
lengths to red light. The third set of LEDs may not be coated
with a phosphor that converts blue light into a light of a
different color. The green, red, and blue light output by the
first, second, and third sets of LEDs can be combined to
produce white light. Accordingly, the first and second sets of
LEDs that would otherwise be rejected can be utilized to
generate white light. Utilizing LEDs that are typically
rejected can reduce the cost of LED-based lamps generating
white light.

Since white light can be produced using less blue light and
more red light, the third set of LEDs producing blue light may
be coated with amber phosphor. The amber phosphor can be
coated so that only a portion of the blue light produced by the
third set of LEDs is converted to red light, and some of the
blue light produced by the third set of LEDs can escape
unconverted through the amber phosphor. Since the third set
of LEDs and the amber phosphor would produce some of the
red light required to generate white light, current through the
second set of LEDs that produce red light may be reduced to
produce less red light. White light is produced by a sum of the
red light produced by the second and third sets of LEDs, green
light produced by the first set of LEDs, and blue light that
escapes unconverted from the second and third sets of LEDs.

Brightness and/or color temperature (also called white-
ness) of the white light can be controlled by controlling cur-
rent through one or more sets of the LEDs individually. For
example, if white light is produced using first, second, and
third strings of LEDs that respectively generate green, red,
and blue light, current through each LED string may be indi-
vidually controlled to control the brightness and/or color
temperature of the white light.

Conventionally, current through each LED string is con-
trolled by using a Buck converter operated in current mode.
Controlling current using a Buck converter in each LED
string, however, requires at least one inductor and one capaci-
tor per LED string and additional external components
including resistors. Further changes in brightness need to be
communicated to the current controller, which requires addi-
tional components. These additional components increase
cost.

The present disclosure relates to current balancing circuits
that control current through LEDs without using inductors.
Specifically, the current balancing circuits according to the
present disclosure maintain currents through a plurality of
LED strings at a predetermined proportion and output white
light of a predetermined color temperature. The current bal-
ancing circuits maintain the currents at the predetermined
proportion regardless of an increase or decrease in the amount
of power supplied to the LED strings (e.g., when a user
changes the brightness level). When the power increases (e.g.,
to make the white light brighter), the current balancing cir-
cuits increase currents through the LED strings in the same
predetermined proportion. When the power decreases (e.g.,to
make the white light dimmer), the current balancing circuits
decrease currents through the LED strings in the same prede-
termined proportion to maintain the whiteness of the light.
However, a predetermined set of values for the currents
through the LED strings can also be used to match the color of
the light emitted by an incandescent or a halogen light bulb.
Making the light more reddish while dimming is similar to
natural sun light. Also, light emitted by incandescent bulbs
becomes more yellowish at lower power, and such light is
more pleasing to human eye.
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The disclosure is organized as follows. Before discussing
the current balancing circuits, in FIGS. 1-5B, examples of
LED-based lamps where the current balancing circuits can be
used are described. Specifically, in FIGS. 1 and 2, a general
LED-based lamp according to the present disclosure is
described. In FIGS. 3A-4B, an LED-based lamp that has a
shape of a conventional light bulb and that comprises a color
temperature control switch according to the present disclo-
sure is described. In FIGS. 5A and 5B, an LED-based lamp
for illuminating large areas (e.g., a LED-based tube light)
comprising a color temperature control switch according to
the present disclosure is described. In FIG. 6, a current control
module to control currents through a plurality of strings of
LEDs used in the LED lamp according to the present disclo-
sure is described. In FIG. 7, a general current balancing
circuit that uses current mirroring and feedback to balance
currents through two loads is described. For example, the two
loads may include two strings of LEDs respectively produc-
ing light of two different colors that combines to generate
white light. In FIG. 8, a current mirror circuit that uses current
mirroring to balance currents through a plurality of LED
strings is described. In FIG. 9, a current balancing circuit that
uses current mirroring and feedback to balance currents
through a plurality of LED strings is described. In FIG. 10, a
method for controlling current through a plurality of LED
strings in one or more LED lamps is described. In FIGS.
11A-12B, additional arrangements of LEDs and phosphors
are shown.

Referring now to FIG. 1,an LED lamp 100 according to the
present disclosure is shown. The LED lamp 100 includes a
power converter module 102 and a set of LEDs 104. The
power converter module 102 converts AC power to DC power.
The power converter module 102 supplies the DC power to
the LEDs 104.

The LEDs 104 may include a plurality of strings of LEDs.
A detailed discussion of the plurality of strings of the LEDs
104 follows with references to FIGS. 4 and 6. Each string of
LEDs may include aset of LEDs connected in series as shown
in FIGS. 4 and 6. For example, as shown in FIG. 4, the LEDs
104 may include a first string of blue LEDs, a second string of
blue LEDs coated with a green phosphor, and a third string of
LEDs coated with a red phosphor.

In lamps using three LED strings as shown in FIG. 4 (e.g.,
see FIG. 3A), the first string of blue LEDs may not be coated
with a phosphor that converts blue light to a light of a different
color. Alternatively, the first string of blue LEDs may be
coated with an amber phosphor. The amber phosphor may
convert a portion of the blue light emitted by the third string
of blue LEDs to red light and allow a remainder of the blue
light emitted by the third string of blue LEDs to escape
unconverted. The green and red light generated by the second
and third strings of LEDs and the blue (and red) light gener-
ated by the first string of LEDs combine to generate white
light.

Alternatively, as shown in FIG. 6, the LEDs 104 may
include first and second strings of blue LEDs. In lamps using
the LED strings shown in FIG. 6 (e.g., see FIGS. 5A and 5B),
a glass surface may be coated with green and red phosphors to
convert the blue light emitted by the first and second strings of
LEDs respectively to green and red light. The LEDs and the
coatings of green and red phosphors are arranged in a manner
to allow some of the blue light emitted by the LEDs in the first
and second strings to escape unconverted by the green and red
phosphors. The green and red light generated by the first and
second strings of LEDs combines with the blue light that
escapes unconverted to generate white light.
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Referring now to FIG. 2, the power converter module 102
may include a power supply module 106 and a current control
module 108. The power supply module 106 converts the AC
power to the DC power. For example, the power supply mod-
ule 106 may include a switched-mode power supply that
converts the AC line voltage to a DC voltage and a DC-to-DC
converter that converts the DC voltage to a voltage V_,,, suit-
able to power the LEDs 104.

The current control module 108 controls current through
the LEDs 104. The current control module 108 uses one of the
current balancing circuits according to the present disclosure
to control current through the LEDs 104. The amount of
current supplied to the LEDs 104 may be predetermined. For
example, the amount of current supplied to each LED string
may be predetermined to produce light having a predeter-
mined whiteness (also called color temperature). The prede-
termined current may be programmed in the current control
module 108 at the time of manufacture. However, according
to the present disclosure, the total current is not controlled by
the current control module 108. Instead, a current balancer
divides the incoming current to the multiple LED strings in a
predetermined ratio. The ratio is fixed at the time of manu-
facture to produce white light of desired color temperature.

In some implementations, the current control module 108
may receive feedback from the LEDs 104. For example, the
feedback may include voltages across the plurality of strings
of the LEDs 104. Based on the feedback, the current control
module 108 may change the current through one or more
strings of the LEDs 104 to maintain the predetermined white-
ness of the light.

In some implementations, the current control module 108
may receive an input from a user-controllable switch located
onthe LED lamp 100. For example, when the LED lamp 100
has the shape of a standard light bulb that screws into a
receptacle, a switch may be located at a base portion of the
LED lamp 100, which screws into the receptacle. When the
LED lamp 100 has the shape of a tube light or any other large
area lamp, the switch may be located on a lamp holder, a base
portion, or any other suitable location on the LED lamp 100.
Based on the input, the current control module 108 may
change the whiteness (i.e., color temperature) of the white
light produced by the LEDs 104.

For example, using the switch, the user may select one of
four color temperatures (in degrees Kelvin): 4000K, 3500K,
3000K, and 2700K. Additionally, the user may be able to
select any value between 4000K and 2700K. White light in
the 3500-4000K temperature range is called neutral white
light. White light in the 2700-3000K temperature range is
called warm white light. Warm white light has a yellow hue.
White light in the 4500-5500K temperature range is called
cool white light. Cool white light has a bluish hue. Using the
switch, the user can change the color temperature of the white
light generated by the LED lamp 100 without changing the
LED lamp 100.

Referring now to FIGS. 3A and 3B, an example of an LED
lamp 10 comprising a temperature control switch according
to the present disclosure is shown. In FIG. 3A, the LED lamp
10 includes a base portion 12 and a light dispersing portion
14. The base portion 12 screws into a receptacle. The light
dispersing portion 14 includes the power control module 102,
the LEDs 104, and an optical reflector assembly (not shown).
The portions 12 and 14 are a single piece. A small ring 18 is
mounted around the neck of the LED lamp 10. The ring 18
slides over the body of the LED lamp 10. The ring 18 is
connected to a switch inside the body of the LED lamp 10 to
control the whiteness (i.e., the color temperature) of the light
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output by the LED lamp 10. Hereinafter the ring 18 and the
switch are collectively referred to as the temperature control
switch 18.

For example, the temperature control switch 18 can have
one of a plurality of states (e.g., A, B, C, or D). Each state can
correspond to a different color temperature between 2700 and
5500 degrees Kelvin. The states can be marked on the base
portion 12, and an indicator 16 on the light dispersing portion
14 can indicate the state selected by rotating the light dispers-
ing portion 14. Alternatively, the indicator 16 can be located
on the base portion 12, and the markings of the states can be
located on the light dispersing portion 14. By rotating the
temperature control switch 18 to different positions, the user
can select different color temperatures.

The power converter module 102 is included in the light
dispersing portion 14 of the LED lamp 10. In some imple-
mentations, the power converter module 102 may be included
in the base portion 12 of the LED lamp 10 instead of in the
light dispersing portion 14 of the LED lamp 10. The power
converter module 102 senses a state of the temperature con-
trol switch 18. Based on the state of the temperature control
switch 18, the power converter module 102 adjusts the DC
power supplied to the LEDs 104.

In FIG. 3B, a functional block diagram of an LED lamp 10
comprising a temperature control switch according to the
present disclosure is shown. The LED lamp 10 includes the
power converter module 102, the LEDs 104, and the tempera-
ture control switch 18. The power converter module 102
includes the power supply module 106 and a color tempera-
ture adjustment module 109. The color temperature adjust-
ment module 109 includes the current control module 108
and a sensing module 110.

The color temperature adjustment module 109 adjusts or
varies outputs of the first, second, and third sets of LEDs 104
according to a color temperature selected by a user using the
temperature control switch 18. For example, the current con-
trol module 108 adjusts or varies currents through the first,
second, and third sets of LEDs 104 according to a color
temperature selected by a user using the temperature control
switch 18. While current control is described as a way of
adjusting or varying outputs of the first, second, and third sets
of LEDs 104, other ways (e.g., voltage control, power control,
and so on) may be used to adjust or vary outputs of the first,
second, and third sets of LEDs 104.

The sensing module 110 senses the state of the temperature
control switch 18 selected by the user. Based on the sensed
state, the power converter module 102 selects a correspond-
ing color temperature and adjusts the DC power supplied to
the LEDs 104. Specifically, the sensing module 110 outputs a
signal to the current control module 108 based on the sensed
state. The current control module 108 controls current
through the LEDs 104 according to the sensed state to output
white light having a corresponding color temperature.

For example, the current control module 108 may select
currents through the LED strings having a first proportion
when the temperature control switch 18 is in a first position,
a second proportion when the temperature control switch 18
is in a second position, and so on. For example, currents
through first, second, and third strings may be in proportion
X1:Y1:Z1 when the temperature control switch 18 is in the
first position; X2:Y2:72 when the temperature control switch
18 is in the second position; and so on. X1,Y1, 71, X2, Y2,
72, and so on are numbers. For example, X1:Y1:7Z1 may be
1:2:3; X2:Y2:72 may be (1.1):(2.4):(3.8); and so on. For
example, X1:Y1:Z1 may be 1:2:3; X2:Y2:72 may be (0.9):
(2.2):(3.6); and so on.
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Referring now to FIG. 4, an example of a plurality of
strings of the LEDs 104 using in the LED lamp 10 is shown.
For example only, three strings: a first string 112, a second
string 114, and a third string 116 are shown. For example, the
first string 112 may include blue LEDs without a phosphor
coating to convert blue light into a light of a different color;
the second string 114 may include blue LEDs with a coating
of green phosphor; and the third string 116 may include blue
LEDs with a coating of red phosphor. Additional or fewer
strings having L.LEDs coated with different phosphors may be
used. Multiple strings (e.g., two or more strings) of each of the
first string 112, the second string 114, and the third string 116
may be used. For example only, five LEDs are shown in each
LED string. Fewer or more than five LEDs may be used in
each LED string.

In some implementations, LEDs in the first string 112 may
be coated with an amber phosphor. The current control mod-
ule 108 controls currents through the first string 112, the
second string 114, and the third string 116 to generate white
light having a desired whiteness (i.e., color temperature).

The LED:s in the first string 112 may emit blue light having
a set of wavelengths approximately around 450 nm (e.g.,
between 450-470 nm). The LEDs in the second string 114
may emit blue light having wavelengths less than 450 nm. The
LEDs in the third string 116 may emit blue light having
wavelengths greater than 470 nm. The blue LEDs producing
blue light having the highest wavelength (e.g., greater than
~470 nm) should be used with red/amber phosphor to mini-
mize losses due to Stokes’ shift. Similarly, the blue LEDs
producing blue light having lower wavelengths are to be used
with green phosphor.

The currents supplied by the current control module 108
determine the amount of blue (and red) light generated by the
LEDs in the first string 112, the amount of green light gener-
ated by the LEDs in the second string 114, and the amount of
red light generated by the LEDs in the third string 116. The
current control module 108 may reduce the amount of current
through the third string 116 in proportion to the amount of red
light produced by the LEDs in the first string 112 when coated
with the amber phosphor.

Additionally, the current control module 108 may adjust
the proportion of currents through the first string 112, the
second string 114, and the third string 116 depending on the
color temperature selected by the user. The blue (and red)
light output by the LEDs in the first string 112, the green light
output by the LEDs in the second string 114, and the red light
output by the LEDs in the third string 116 combine to gener-
ate white light of desired whiteness.

In some implementations, a brightness control (e.g. a dim-
mer switch) may be connected to the LED lamp 10. The
power converter module 102 may receive the AC power
according to a setting of the dimmer switch. The power sup-
ply module 106 may output different amounts of DC power
based on the settings of the dimmer switch. Based on the
amount of DC power received from the power supply module
106, the current control module 108 may change currents
through one or more strings of the LEDs 104. The brightness
of the white light output by the LEDs 104 may change based
on the changes in the currents through the LEDs 104.

The current control module 108 may change currents
through one or more strings of the LEDs 104 according to a
dimmer variable (e). For example, the currents through one or
more strings of the LEDs 104 may be in proportion X1:Y1:
Z1.For example, the current control module 108 may change
currents through one or more strings of the LEDs 104 from
0.5:0.5:0.5 t0 1.5:1.5:1.5.



US 9,055,647 B2

11

Referring now to FIGS. 5A and 5B, an example of an LED
lamp 150 for illuminating large areas according to the present
disclosure is shown. For example only, the LED lamp 150
having the shape of a tube light is shown. The teachings
disclosed herein with reference to the LED lamp 150 can be
applied to any LED lamp used to illuminate large areas.

In FIG. 5A, the LED lamp 150 includes a base portion 154
and a glass layer 156. LEDs 104 are arranged on the base
portion 154 as described below in detail. An inner surface of
the glass layer 156 that faces the LEDs 104 is coated with
phosphors 158 as explained below in detail. The base portion
154 and the glass layer 156 terminate on either side in a lamp
holder 160. Each lamp holder 160 connects to a receptacle via
bi-pin fittings 162. The base portion 154 includes the power
converter module 102. The power converter module 102 is
connected to the bi-pin fittings 162. The power converter
module 102 receives AC power via the bi-pin fittings 162. The
power converter module 102 converts AC power into DC
power and supplies the DC power to the LEDs 104. A trans-
parent or opaque material 157 may be used to cover the glass
layer 156. In some implementations, instead of the glass layer
156, a layer of any other suitable (e.g., transparent) material
may be used.

In FIG. 5B, the placement of the LEDs 104 and phosphors
158 is shown in detail. A plurality of LEDs 104-1,
104-2, . . ., 104-n (collectively LEDs 104), where n is an
integer greater than 1, is arranged on the base portion 154. The
LEDs 104 include two sets of LEDs. A first set of LEDs
generates blue light having a first wavelength. A second set of
LEDs generates blue light having a second wavelength. For
example only, the first wavelength is less than or equal to 450
nm, and the second wavelength is greater than or equal to 470
nm. In some implementations, the first wavelength may be
450 nm+X nm, and the second wavelength may be 470 nm+X
nm, where 0=X =20, for example. The number X can also be
greater than 20.

The LEDs 104 in the first and second sets are evenly spaced
and arranged in an alternating pattern along a straight line on
the base portion 154. For example, the LEDs 104-1, 104-3,
and so on belong to the first set of LEDs; and the LEDs 104-2,
104-4, and so on belong to the second set of LEDs. The LED
104-1 is separated by a distance d1 from the LED 104-2; the
LED 104-2 is separated by the distance d1 from the LED
104-3; and so on.

The inner surface of the glass layer 156 facing the LEDs
104 includes a plurality of coatings of phosphors 158. For
example, the coatings of phosphors 158 include coatings of
green and red phosphors. Each coating of green and red
phosphors may be ofa length L. In some implementations, the
coatings of green and red phosphors may have different
lengths. The coatings of green and red phosphors are arranged
in an alternating pattern along a straight line on the inner
surface of the glass layer 156. While the coatings of green and
red phosphors are contiguous, in some implementations, the
coatings may be separated by a gap. Centers of the green
phosphors are aligned with centers of the first set of LEDs.
Centers of the red phosphors are aligned with centers of the
second set of LEDs. The glass layer 156 is separated by a
distance d2 from the base portion 154.

The green phosphors convert some of the blue light emitted
by the first set of LEDs to green light. The red phosphors
convert some of the blue light emitted by the second set of
LEDs to red light. Some of the blue light emitted by the first
and second set of LEDs escapes the phosphors 158 uncon-
verted. The placement of the LEDs 104 and the phosphors
158 described above allows a first portion of the blue light
emitted by the LEDs 104 to be converted by the phosphors
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158 to green and red light and allows a second portion of the
blue light emitted by the LEDs 104 to escape unconverted.
The green light, the red light, and the escaped blue light
combine to form white light.

The amount of blue light that escapes the phosphors 158
may depend on various factors. For example, the factors may
include values of the first and second wavelengths, a density
of coatings of the green and red phosphors 158, the length L.
of each coating of the green and red phosphors 158, a length
of'a gap between adjacent phosphor coatings, the distance d1
between the LEDs 104, the distance d2 between the base
portion 154 and the glass layer 156, and so on. The uniformity
of the white light across the LED lamp 150 may also depend
on one or more of these factors.

A functional block diagram of the LED lamp 150 shown in
FIGS. 5A and 5B is similar to the functional block diagram of
the LED lamp 10 shown in FIG. 3B and is therefore not shown
and described again to avoid repetition.

Referring now to FIG. 6, an example of a plurality of
strings of the LEDs 104 used in the LED lamp 150 is shown.
For example only, two strings: a first string 114 and a second
string 116 are shown. For example only, five LEDs are shown
in each LED string. Fewer or more than five LEDs may be
used in each LED string. For example, the first string 114 may
include LEDs that emit blue light having the first wave-
lengths, and the second string 116 may include LEDs that
emit blue light having the second wavelengths. For example,
the LEDs in the first string 114 may emit blue light having a
set of wavelengths approximately around 450 nm (e.g., 450
nm=X nm). The LEDs in the second string 116 may emit blue
light having a set of wavelengths approximately around 470
nm (e.g., 470 nm+X nm). For example only, 0=X<20, for
example. The number X can also be greater than 20.

The currents supplied by the current control module 108
determine the amount of blue light generated by the LEDs in
the first string 114 and the second string 116. The current
control module 108 may adjust the proportion (i.e. ratio) of
currents through the first string 114 and the second string 116
depending on the color temperature selected by the user. The
blue light output by the LEDs in the first string 114 and the
second string 116 is partly converted by the phosphors 158
into green and red light and partly allowed to escape uncon-
verted. The green and red light converted by the phosphors
158 combines with the unconverted blue light to generate
white light of desired whiteness.

In some implementations, a brightness control (e.g. a dim-
mer switch) may be connected to the LED lamp 150. The
power converter module 102 may receive the AC power
according to a setting of the dimmer switch. The power sup-
ply module 106 may output different amounts of DC power
based on the settings of the dimmer switch. Based on the
amount of DC power received from the power supply module
106, the current control module 108 may change currents
through one or more strings of the LEDs 104. The brightness
of the white light output by the LEDs 104 may change based
on the changes in the currents through the LEDs 104.

Referring now to FIG. 7, a current balancing circuit 200
according to the present disclosure is shown. The current
balancing circuit 200 maintains currents through multiple
loads at a predetermined proportion (i.e., ratio). For example
only, the current balancing circuit 200 is shown to include
only two loads, I.1 and [.2. The current balancing circuit 200,
however, can maintain currents through any number of loads
at a predetermined proportion. Further, while the current bal-
ancing circuit 200 is discussed herein with reference to LED
strings as loads, the current balancing circuit 200 can be used
to balanced currents through other loads.
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The current balancing circuit 200 senses a change in cur-
rent through one of the loads and adjusts currents through the
other load(s) so that the currents through the loads are in a
predetermined proportion despite the change in current
through one of the loads. For example, if the loads receive
more (or less) power (e.g., V. from the power supply module
106), the current balancing circuit 200 increases (or
decreases) currents through the loads to maintain the currents
atthe predetermined proportion. When the loads include LED
strings that output light of different colors to produce white
light, the current balancing circuit 200 maintains the propor-
tion of the currents through the LED strings to the predeter-
mined ratio regardless of changes in brightness made by a
user. The current balancing circuit 200 maintains the ratio of
the currents. The color of the light produced depends on other
factors as well.

The current balancing circuit 200 comprises transistors
M1-MS8, loads L1 and L2, and resistors R1 and R2 connected
as shown in FIG. 7. The loads .1 and [.2 are respectively
connected to drains D5 and D6 of the drivers M5 and M6. The
gates of the drivers M5 and M6 are connected to an output of
a comparator comprising transistors M1, M2, and M3. Tran-
sistors M7 and M8 form a current mirror. The current mirror
is connected to the comparator as shown. For example only,
the loads [.1 and 1.2 may respectively include two strings of
LEDs configured to generate light of two different colors that
combines to produce white light of a predetermined color
temperature (e.g., see FIG. 6). While not shown, additional
loads and drivers may be added, and the comparator may be
modified accordingly. (For example, see FIG. 9.)

The current balancing circuit 200 compares the lowest of
the voltages V1 or V2 at the drains D5 and D6 of the transis-
tors M5 and M6 to a reference voltage V. The voltages V1
and V2 are kept substantially equal to or above at least a
certain value, such that currents through the transistors M5,
M6, M7, and M8 are matched to the best possible accuracy.
Even with perfectly matched transistors M5 and M6, if there
is difference in the loads .1 and L2, the difference might
cause the voltages V1 and V2 to be different from each other.
By controlling a gate voltage V of the transistors MS and M6,
the current balancing circuit 200 ensures that both the volt-
ages V1 and V2 are at least V.

If voltages V1 and V2 at the drains D5 and D6 of the
transistors M5 and M6 closely match, currents through the
transistors M5 and M6 (and hence through the loads [.1 and
L.2) are proportional to respective areas of transistors M5 and
Mé6. The comparator compares the lowest of the voltages V1
and V2 at the drains D5 and D6 to the reference voltage V.,
The voltages V1 and V2 at the drains D5 and D6 may become
different due to a change in current through one of the loads.
For example, current through one of the loads may change
due to a change in V,,, delivered by the power converter
module 102 when a user changes brightness level. The com-
parator adjusts the gate voltage V, of the transistors M5 and
M6 until the voltages V1 and V2 at the drains D5 and D6 are
atleastV, . This makes the ratio of currents through the loads
L1 and L.2 proportional to the ratio of the areas of the tran-
sistors M5 and M6. When V1 or V2 changes, the comparator
compares the lowest of the voltages V1 or V2 to V, - and
generates V, based on the comparison. V, drives the gates of
MS and M6 to change currents through theloads .1 and .2 so
that the currents are proportional to the ratio of the areas of the
transistors M5 and M6. When the output voltage V, , across
the loads changes (e.g., due a change in the brightness level by
a user), the current balancing circuit 200 adjusts the currents
through the loads [.1 and .2 to maintain the currents at a
predetermined ratio.

20

25

30

40

45

55

14

For example, suppose that current through one of the loads
L1 or .2 decreases due to a change in brightness level by the
user. Due to a decrease in current through load L1 or .2, the
voltage V1 or V2 decreases. If the voltage V1 at D5 decreases,
more current flows into transistor M2. If the voltage V2 at D6
decreases, more current flows into transistor M3. If current
through transistor M2 or M3 increases, current through tran-
sistor M7 increases. Due to current mirroring, current through
transistor M8 increases. The increased current through tran-
sistor M8 pulls the gates of transistors M5 and M6 to a lower
voltage V.. Lowering the voltage V, at the gates of transistors
MS and M6 decreases currents through the loads connected to
the respective drains.

In this manner, if current through the load L1 changes, the
current balancing circuit 200 changes the current through the
load .2 to track the change in current through the load L1. If
current through the load L1 increases (or decreases), the
current balancing circuit 200 adjusts the gate drive V,, of the
transistors M5 and M6 to increase (or decrease) current
through the load L2 in the same proportion. Accordingly, the
ratio of currents through the loads [.1 and .2 is maintained at
a predetermined value. Consequently, the color temperature
of the white light output by the LEDs (loads [.1 and [.2) is
maintained at a predetermined value.

Referring now to FIG. 8, an example of a current mirror
circuit 250 that drives three strings of LEDs is shown. Sup-
pose that the three LED strings respectively produce blue,
green, and red light that combines to generate white light. The
current mirror circuit 250 includes transistors M5, M6, and
M7 that respectively drive the three LED strings. The current
mirror circuit 250 controls the ratio of currents through the
three LED strings proportional to the area of the transistors
M5, M6, and M7. For example, ifa proportion of the areas A1,
A2, and A3 of the transistors M5, M6, and M7 is 1:2:3, the
currents through the blue, green and red LED strings will be
in the proportion 1:2:3.

To accurately control the proportion of currents, the drain
voltages of the transistors M5, M6, and M7 need to closely
match. If the three LED strings use pure blue, pure green, and
pure red LEDs, the drain voltages of the transistors M5, M6,
and M7 may not closely match due to differences in voltage/
current characteristics of materials used to manufacture the
pure blue, green, and red LEDs. Instead, if a combination of
blue LEDs and phosphors is used in the three LED strings to
generate blue, green, and red light, the voltage/current char-
acteristics of the three LED strings will closely match since
the blue LEDs in each string are made from the same material.
Accordingly, the drain voltages of the transistors M5, M6,
and M7 will closely match. For the same amount of current,
the voltage across the LED strings will be similar, and hence
the drain voltages of the transistors M5, M6, and M7 will be
close to each other. Consequently, the proportion of currents
through the three LED strings will be accurate.

WhenV _, changes, however, the current mirror circuit 250
includes no feedback mechanism to detect changes in cur-
rents through the LED strings and to adjust gate drive (i.e.,
biasing) of the transistors M5, M6, and M7 based on the
changes in V. Accordingly, the current mirror circuit 250
cannot adjust the gate drive of the transistors M5, M6, and M7
in response to changes in V,_,,. Consequently, when V_,,
increases, the voltage drop across the transistors M5, M6, and
M7 will increase resulting in an increase in power dissipation.

Further, to change brightness level, when reference current
11 is changed, the ratio of currents through the three LED
strings may need to be changed. For example, for a first value
of 11, currents through the three LED strings may need to have
aratio of X1:Y1:71 to produce white light of a predetermined
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color temperature (whiteness); for a second value of I1, cur-
rents through the three LED strings may need to have a ratio
of X2:Y2:72 to produce white light of the predetermined
color temperature; and so on. For example, the ratio X1:Y1:
71 may be 1:2:3; and the ratio X2:Y2:72 may be 1:2:2, or
2:1:3,and so on. This is because the conversion efficiencies of
the phosphors may differ at different currents. The ratio will
need to be changed particularly if current through one of the
three LED strings differs from currents through the other
LED strings by a large amount (e.g., if the currents are in
proportion 1:2:3). If the ratio is not changed when I1 is
changed, the color temperature of the white light will change.
Therefore, to get the desired color when I1 is changed, the
ratio of the currents will need to be changed, particularly
when current through one of the LED strings required to
produce a predetermined whiteness differs largely from other
currents required to produce the predetermined whiteness.

Referring now to FIG. 9, a current balancing circuit 300
includes a comparator and a current mirror to sense the drain
voltages of the transistors M5, M6, and M7 and to adjust the
gate voltage V of the transistors M5, M6, and M7 when 'V,
changes. The comparator and the current mirror of the current
balancing circuit 300 are similar to the comparator and the
current mirror of the current balancing circuit 200 shown in
FIG. 7.

The current balancing circuit 300 increases the gate voltage
V,, of the transistors M5, M6, and M7 when V,, increases.
Increasing the gate voltage V of the transistors MS, M6, and
M7 in response to an increase in V ,,, reduces power dissipa-
tion of the transistors M5, M6, and M7. Additionally, the
current balancing circuit 300 decreases the gate voltage V,, of
the transistors M5, M6, and M7 when V_,, decreases.
Decreasing the gate voltage V,, of the transistors M5, M6, and
M7 in response to a decrease in V,,, increases the drain
voltages V1-V3 of the transistors M5, M6, and M7 to levels
that are comparable to the reference voltage V.

As explained with reference to FIG. 7, a comparator com-
prising transistors M1, M3, M3, and M10 compares voltages
V1-V3 at the drains D5-D7 of the transistors M5-M7 to the
reference voltage V. When current through one of the three
LED strings changes, the comparator and the current mirror
comprising transistors M9 and M8 adjust the gate voltage V,
(i.e., biasing) of the transistors M5-M7 to change the currents
through the remaining LED strings to maintain a predeter-
mined ratio of the currents through the three LED strings.

If'the voltages V1-V3 at the drains D5-D7 of the transistors
MS5-M7 closely match, currents through the transistors
M5-M7 (and hence through the three LED strings) are pro-
portional to respective areas of transistors M5-M7. For
example, if a proportion of the areas A1, A2, and A3 of the
transistors M5, M6, and M7 is 1:2:3, the currents through the
blue, green, and red LED strings will be in the proportion
1:2:3. The comparator compares the voltages V1-V3 at the
drains D5-D7 to the reference voltage V. The voltages
V1-V3 at the drains D5-D7 may become different due to a
change in current through one of the loads. For example,
current through one of the loads may change due to a change
inV,,, delivered by the power converter module 102 when a
user changes brightness level. The comparator adjusts the
gate voltage V, of the transistors M5-M7 until the lowest
voltage 0fV1,V2,and V3 at the drains D5, D6, and D7 closely
match the V,, . This makes the ratio of currents through the
three LED strings proportional to the ratio of the areas of the
transistors M5-M7. When V1 or V2 or V3 changes, the com-
parator compares V1 or V2 or V3 is compared to V,and
generates V,, based on the comparison. V, drives the gates of
MS5-M7 to change the currents through the three LED strings
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so that the currents are proportional to the ratio of the areas of
the transistors M5-M7. When the output voltage V, , across
the three LED strings changes (e.g., due a change in the
brightness level by a user), the current balancing circuit 300
adjusts the currents through the three LED strings to maintain
the currents at a predetermined ratio.

For example, suppose the current through one of the three
LED strings decreases due to a change in brightness level by
the user. Due to a decrease in current through one of the three
LED strings, the voltage V1 or V2 or V3 decreases. If the
voltage V1 at D5 decreases, more current flows into transistor
M2. Ifthe voltage V2 at D6 decreases, more current flows into
transistor M3. If the voltage V3 at D7 decreases, more current
flows into transistor M10. If current through transistor M2 or
M3 or M10 increases, current through transistor M9
increases. Due to current mirroring, current through transistor
M8 increases. The increased current through transistor M8
pulls the gates of transistors M5-M7 to a lower voltage V.
Lowering the voltage V, at the gates of transistors M5-M7
decreases currents through the three LED strings connected
to the respective drains.

In this manner, if the total current through the three LED
string changes, the current balancing circuit 300 changes the
currents through one or more of the three LED strings to track
the change. Accordingly, the ratio of currents through the
three LED strings is maintained at a predetermined value.
Consequently, the color temperature of the white light output
by the three LED strings is maintained at a predetermined
value.

In one implementation, for example, the currents through
the three LED strings required to produce white light of a
predetermined color temperature may be known during
manufacture. Ifthe currents through the three LED strings are
vastly different (e.g., if the currents through the red, green,
and blue LED strings are in a ratio 3:2:1), the transistors
MS5-MT7 can be designed to have area with the same ratio as
the currents. Accordingly, for the same gate drive V,, the
drain voltages of the transistors M5-M7 will closely match.
For example, the transistor M7 driving the LED string pro-
ducing red light at 180 mA will have the same drain voltage as
the transistor M6 driving the LED string producing green
light at 120 mA and the transistor M5 driving the LED string
producing blue light at 60 mA.

Alternatively, the LEDs may be designed so that the area of
the transistors M5-M7 and currents through the three LED
strings can be equal, and the drain voltages of the transistors
M5-M7 closely match. For example, suppose that 180, 120,
and 60 units of red, green, and blue light are respectively
required to produce white light of a predetermined color
temperature. The LED string producing pure red light may be
supplied less current (e.g., 120 mA instead of 180 mA) to
produce only 120 units of red light instead of producing 180
units of red light. Additionally, the LEDs in the blue string
producing blue light may be coarsely coated with amber or
red phosphor so that half of the blue light is converted to red
light and half of the blue light escapes unconverted. The LED
string producing a mixture of red and blue light may be
supplied a higher current (e.g., 120 mA instead of 60 mA) to
produce 120 units of light including 60 units each of red and
blue light. The LED string producing pure green light may be
supplied the same current as the other LED strings (e.g., 120
mA) to produce 120 units of green light. In this manner, all
three LED strings can be supplied with the same current (e.g.,
120 mA) and can produce the required amounts of red, green,
and blue light to produce white light of desired whiteness. The
transistors M5-M7 can have the same area and produce drain
voltages that closely match.
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In illumination systems using AC-to-DC converters, a
brightness control signal (also called dimming signal) is typi-
cally provided by the primary side (the AC side). Communi-
cating the dimming signal from the primary side to the sec-
ondary side (where the current balancing circuit operates) can
be difficult due to isolation between the primary and second-
ary sides and due to safety standards and regulations. Often
additional circuitry is required to communicate the dimming
signal from the primary side to the secondary side.

The current balancing circuits disclosed herein do not
require the dimming signal to be transmitted from the primary
side. Instead, when the primary side delivers more current
than the total current in the LED strings (e.g., 180+120+
60=360 mA in the above example), the output voltage V
increases. The current balancing circuit adjusts the gate drive
of the transistors driving the LED strings to increase the
currents through the LED strings and maintains the ratio
between the currents to output white light of the desired color
temperature.

Referring now to FIG. 10, a method 400 for balancing
currents through LED strings according to the present disclo-
sure is shown. At 402, control supplies current at a predeter-
mined ratio to a plurality of LED strings to produce white
light of a predetermined color temperature. At 404, control
determines whether input power to the plurality of LED
strings has changed. At 406, if the input power to the plurality
of LED strings has changed, control adjusts gate voltages of
transistors that drive the LED strings and changes currents
through the LED strings to maintain the predetermined ratio
between the currents. Accordingly, control maintains the pre-
determined color temperature of the white light produced by
the plurality of LED strings regardless of changes in the input
power to the plurality of LED strings.

Inone application, the current balancing disclosed herein is
used to manage the distribution of the blue spectrum. In
particular, the human eye is sensitive only to a certain range of
blue wavelengths. For example, the human is not very sensi-
tive to blue wavelengths of less than or equal to 450 nm.
Rather, the human eye sees normal blue at approximately 470
nm. Accordingly, blue LEDs producing blue light having
wavelengths of about 470 nm are used to produce blue light,
and blue LEDs producing blue light of other wavelengths are
used to convert to green and red light. For example, the blue
LEDs producing blue light having wavelengths between 440
and 460 nm can be used to convert to green light, and the blue
LEDs producing blue light having wavelengths greater than
470 nm can be used to convert to red light.

White light can be generated in different ways. For
example, white light can be generated using a combination of
blue light generated by blue LEDs, and blue light converted to
green and red light. Alternatively, white light can also be
generated using a combination of blue light and blue light
converted to yellow and reddish yellow light.

Since human eye is sensitive to variations in wavelength in
a certain range of the blue spectrum, blue light used in pro-
ducing white light need not be generated using LEDs that
produce blue light. Instead, blue light used in producing white
light can be generated by converting ultraviolet light to broad-
band blue light. Only a small amount of ultraviolet light needs
to be converted to blue light since only a small amount of blue
light (e.g., 5-10%) is needed to produce white light. Other
colors needed to produce white light, such as green, red,
yellow, or reddish yellow, can be generated by converting
blue light produced by blue LEDs having varying wave-
lengths (and therefore varying shades of blue) in the blue
spectrum.
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Thus, blue light in the entire range of the blue spectrum
(i.e., light produced by blue LEDs having all the blue wave-
lengths) is used to convert to one or more of the other colors,
and none of'the blue color generated by the blue LEDs is used
in producing white light. Accordingly, when blue LEDs are
manufactured, blue LEDs that produce blue light having
wavelengths that are useful and/or optimal in some applica-
tions (e.g., 470 nm) can be sold and utilized in those applica-
tions, and blue LEDs that produce blue light having other
varying wavelengths in the not so useful or suboptimal range
can be used to convert to other colors used in producing white
light. This improves the yield of blue LEDs in the manufac-
turing process, and minimizes the percentage of the manu-
factured blue LEDs that are not utilized.

Further, blue LEDs can be optimized to produce blue light
having wavelengths to which human eye is not very sensitive
(e.g., from 440 to 460 nm). For example, blue LEDs can be
optimized to generate blue light having a wavelength of 450
nm. Blue LEDs producing blue light having not so useful or
suboptimal wavelengths in the blue spectrum (e.g., 430 to 460
nm), to which human eye is not very sensitive, can be utilized
to convert to green or red or other colors. One or more of these
colors can be combined with the blue light generated by
converting ultraviolet light to produce white light. In other
words, blue LEDs can be intentionally manufactured to pro-
duce blue light having not so useful or suboptimal wave-
lengths in the blue spectrum (e.g., 430 to 460 nm).

Referring now to FIGS. 11A-11D, different ways of pro-
ducing white light having different whiteness (i.e., different
color temperatures) are shown. In FIG. 11A, blue light emit-
ted by blue LEDs having wavelength of about 450 nm (for
example) can be converted to red and green light using red
and green phosphors. Ultraviolet light emitted by ultraviolet
LEDs having wavelength of less than or equal to 400 nm can
be converted to blue light using the blue phosphor. The red,
green, and blue light can be combined to produce white light.
Current through the LEDs used to generate one or more of
red, green, and blue color can be adjusted to adjust the color
temperature of the white light.

In FIG. 11B, blue light emitted by blue LEDs having wave-
length of about 450 nm (for example) can be converted to
reddish yellow and yellow light using reddish yellow and
yellow phosphors. Ultraviolet light emitted by ultraviolet
LEDs having wavelength of less than or equal to 400 nm can
be converted to blue light using the blue phosphor. The red-
dish yellow, yellow, and blue light can be combined to pro-
duce white light. Current through the LEDs used to generate
one or more of reddish yellow, yellow, and blue color can be
adjusted to adjust the color temperature of the white light.

In FIG. 11C, blue light emitted by blue LEDs having wave-
length of about 450 nm (for example) can be converted to red
and yellow light using red and yellow phosphors. Ultraviolet
light emitted by ultraviolet LEDs having wavelength of less
than or equal to 400 nm can be converted to blue light using
the blue phosphor. The red, yellow, and blue light can be
combined to produce white light. Current through the LEDs
used to generate one or more of red, yellow, and blue color can
be adjusted to adjust the color temperature of the white light.

In FIG. 11D, an LED lamp 150-1, which is a variation of
the LED lamp 150 shown in FIG. 5A, utilizes blue LEDs and
different phosphors to generate light of different colors other
than blue, and utilizes ultraviolet LEDs and blue phosphors to
generate blue light as shown in FIGS. 11A-11C. Further, the
LED lamp 10 shown in FIG. 3A can utilize blue LEDs and
different phosphors to generate light of different colors other
than blue, and utilize ultraviolet LEDs and blue phosphors to
generate blue light as shown in FIGS. 11A-11C. For example,
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in FIG. 4, the LED string 112 can include ultraviolet LEDs
coated with blue phosphor, the LED string 114 can include
blue LEDs coated with phosphor P1, and the LED string 116
can include blue LEDs coated with phosphor P2. In a first
implementation, in the LED lamp 10 or 150-1, the phosphors
P1 and P2 to can be red and green, respectively. In a second
implementation, in the LED lamp 10 or 150-1, the phosphors
P1 and P2 can be reddish yellow and yellow, respectively. In
a third implementation, in the LED lamp 10 or 150-1, the
phosphors P1 and P2 can be red and yellow, respectively.

Referring now to FIGS. 12A and 12B, the blue LED string
112 shown in FIG. 4 can be implemented in different ways.
For example, in one implementation shown in FIG. 12A, the
LED string 112 may include ultraviolet LEDs coated with
blue phosphor. In another implementation shown in FIG.
12B, the LED string 112 may include blue LEDs generating
blue light having different wavelengths that may be prese-
lected and arranged in a predetermined order. For example,
blue LEDs producing blue light having wavelengths 470 nm,
475 nm, and 465 nm may be selected and arranged as shown.
Other wavelengths may be selected instead. The LEDs may
be arranged in a different order than shown. In this imple-
mentation, the blue wavelengths average out to provide uni-
form blue light.

Referring now to FIG. 13, a method 500 for generating
white light according to the present disclosure is shown. At
502, control determines the currents through the blue, green,
and red LEDs to produce white light. The green and red LEDs
are blue LEDs coated with green and red phosphors, respec-
tively. The blue LEDs may not be coated with a phosphor to
convert blue light into a light of a different color or may be
coated with amber phosphor. At 504, control determines if the
blue LEDs are coated with amber phosphor. At 506, if the blue
LEDs are coated with amber phosphor, control reduces cur-
rent through the red LEDs in proportion to an amount of red
light produced by the blue LEDs coated with amber phosphor.
At 508, control determines if a color temperature and/or
brightness of the white light is changed by auser. At 510, if the
user changes the color temperature and/or brightness of the
white light, control changes current through the blue, green,
and red LEDs to produce white light having the color tem-
perature and/or brightness selected by the user.

Referring now to FIG. 14, a method 600 for controlling a
color temperature of white light generated by an LED lamp
according to the present disclosure is shown. At 602, control
supplies currents to green, red, and blue LEDs to generate
white light. The green and red LEDs are blue LEDs coated
with green and red phosphors, respectively. The blue LEDs
may not be coated with a phosphor to convert blue light to a
light of a different color or may be coated with amber phos-
phor. At 604, control determines if a user changed the color
temperature and/or brightness of the white light. At 606, if the
user changed the color temperature and/or brightness of the
white light, control changes the proportion of currents
through the green, red, and blue LEDs based on the color
temperature and/or brightness selected by the user.

Referring now to FIG. 15, an LED lamp 700 generates
white light using a combination of ultraviolet LEDs and blue
LEDs. The number of ultraviolet LEDs may be less than the
number of blue LEDs. For example, the number of ultraviolet
LEDs may be 5% of the number of blue LEDs. In general, the
number of ultraviolet LEDs may be X % ofthe number of blue
LEDs, where X is an integer between 1 and 10 or 1 and 15.
The ultraviolet LEDs are coated with a phosphor to generate
broadband blue light. The blue LEDs are coated with different
phosphors to generate light of colors other than blue. White
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light is generated by mixing the blue light generated by the
ultraviolet LEDs and the light of green, red, and other colors
generated by the blue LEDs.

Typically, blue LEDs that generate blue light having a
wavelength of 470 nm are preferred to provide the blue com-
ponent of the white light since human eye is more sensitive to
blue light of 470 nm. Sensitivity of the human eye, however,
can slightly vary from one person to another. Accordingly,
eyes of some people can be more sensitive to blue light having
wavelengths other than 470 nm. Consequently, white light, if
generated using blue LEDs, can appear to have different
whiteness to different people. Therefore, typically, blue
LEDs that generate blue light having a narrow range of wave-
lengths are selected for use in LED lamps producing white
light, and the remaining blue LEDs are rejected. This reduces
the yield of blue LED:s.

Instead, broadband blue light can be generated using ultra-
violet LEDs, and blue LEDs can be used to generate light of
colors other than blue. The blue light generated using the
ultraviolet LEDs and the light of other colors generated using
the blue LEDs can be combined to generate white light. The
broadband blue light appears the same to human eye despite
slight differences in sensitivity to different wavelengths of
blue light. Since blue LEDs generating blue light of all wave-
lengths can be used to generate light of other colors, the yield
of blue LEDs can be 100%.

InFIG. 15, the LED lamp 700 includes a plurality of strings
of LEDs 702 and a current control module 704. The LEDs 702
include a first LED string 706, a second LED string 708, and
a third LED string 710. The first LED string 706 includes
ultraviolet LEDs coated with a blue phosphor to convert the
ultraviolet light to broadband blue light. The first LED string
706 generates broadband blue light.

The second LED string 708 and the third LED string 710
include blue LEDs. Each of the blue LEDs in the second LED
string 708 and the third LED string 710 may generate blue
light having different wavelengths. For example, the wave-
lengths may range from 450 nm to 470 nm. The wavelengths
may be less than 450 nm and/or 470 nm. None of the blue
LEDs in the second LED string 708 and the third LED string
710 is used to generate blue light. Instead, the blue LEDs in
the second LED string 708 and the third LED string 710 are
used to generate light having colors other than blue.

For example, the blue LEDs in the second LED string 708
may be coated with phosphors that convert the blue light
generated by the blue LEDs to green, yellow, and red light.
The amount of red light generated by the LEDs in the second
LED string 708 may be less than the amount of green light
generated by the LEDs in the second LED string 708.

The blue LEDs in the third LED string 710 may be coated
with phosphors that convert the blue light generated by the
blue LEDs to green, yellow, and red light. The amount of
green light generated by the LEDs in the second LED string
708 may be less than the amount of red light generated by the
LEDs in the second LED string 708. Alternatively, the blue
LEDs in the third LED string 710 may be coated with phos-
phors to generate mostly red light.

The first, second, and third LED strings 706, 708, 710 may
respectively include P, Q, and R number of LEDs; where P, Q,
and R are integers greater than 1; and P<(Q+R). Specifically,
the number of ultraviolet LEDs in the first LED string 706
may be less than a total number of blue LEDs in the second
and third LED strings 708 and 710. For example, the number
of ultraviolet LEDs may be 5% of the total number of blue
LEDs in the second and third LED strings 708 and 710. In
general, the number of ultraviolet LEDs may be X% of the
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total number of blue LEDs in the second and third LED
strings 708 and 710, where X is an integer between 1 and 10
or 1 and 15.

The current control module 704 controls current through
the first, second, and third LED strings 706, 708, 710 to
generate white light having a predetermined whiteness. The
ratio of currents through the first, second, and third LED
strings 706, 708, 710 is not fixed. Instead, the current control
module 704 changes the ratio according to a brightness level
selected by a user using a dimmer switch (not shown).

For example, when the brightness level is decreased, the
current control module 704 increases a percentage of current
via the third LED string 710 relative to the first and second
LED strings 706, 708. Increasing current through the third
LED string 710 increases the percentage of red color, which
helps maintain the color temperature of the white light as the
brightness level is decreased. When the brightness level is
increased, the current control module 704 increases the per-
centage of current via the second LED string 708 relative to
the first and third LED strings 706, 710. Increasing current
through the second LED string 708 decreases the percentage
of red color, which helps maintain the color temperature of
the white light as the brightness level is increased.

Referring now to FIGS. 16 A-16C, the white light output by
the LED lamp 700 can mimic the light output by an incan-
descent bulb. In FIG. 16 A, a comparison of the light output by
an incandescent bulb, a halogen bulb, and a compact fluores-
cent lamp (CFL) is shown. The light output by an incandes-
cent bulb resembles natural sunlight more closely than the
light output by a halogen bulb or by a compact fluorescent
lamp. In fact, the light output by a compact fluorescent lamp
may be missing one or more colors as shown by dotted lines.

In FIG. 16B, an LED lamp (e.g., the LED lamp 700 shown
in FIG. 15) can be configured to mimic an incandescent bulb.
For example, the LED lamp may include a first string of LEDs
(e.g., the first LED string 706 shown in FIG. 15) that gener-
ates a small amount of blue light. Accordingly, the first string
of LEDs may include a small number of ultraviolet LEDs that
generate blue light. In addition, the LED lamp may include a
second string of LEDs (e.g., the second LED string 708
shown in FIG. 15) that generates green and yellow light and a
small amount of red light. Further, the LED lamp may include
athird string of LEDs (e.g., the third LED string 710 shown in
FIG. 15) that generates a small amount of green light and
yellow and red light. In some implementations, the LED lamp
may further include a fourth LED string that includes LEDs
that generate pure red light.

Some amount of light produced by the first and second
LED strings may overlap in the blue/green region. Accord-
ingly, some of the ultraviolet LEDs in the first LED string 706
may be coated with a phosphor to generate a small amount of
green light. In addition, some amount of light produced by the
second and third LED strings may overlap.

In FIG. 16C, an LED lamp (e.g., the LED lamp 700 shown
in FIG. 15) can be configured differently to mimic an incan-
descent bulb. For example, the LED lamp may include a first
string of LEDs (e.g., the first LED string 706 shown in FIG.
15) that generates a small amount of blue light. Accordingly,
the first string of LEDs may include a small number of ultra-
violet LEDs that generate blue light. In addition, the LED
lamp may include a second string of LEDs (e.g., the second
LED string 708 shown in FIG. 15) that generates light of all
colors other than blue to generate white light. For example,
the second string of LEDs may include blue LEDs coated
with phosphors to generate green, yellow, and red light. The
LED lamp may further include a third LED string that
includes LEDs that generate pure red light.
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Referring now to FIG. 17, an LED lamp 700-1 including
LEDs 702-1 and the current control module 704 is shown.
The LEDs 702-1 include the first, second, and third LED
strings 706, 708, 710. In addition, the LEDs 702-1 include a
fourth LED string 712. The fourth LED string 712 includes
LEDs that generate pure red light. The first, second, third, and
fourth LED strings 706, 708, 710, 712 may respectively
include P, Q, R, and S number of LEDs; where P, Q, R, and S
are integers greater than 1; and P<(Q+R+S).

Alternatively, in some implementations, as explained with
reference to FIG. 16C, the second LED string 708 may
include blue LEDs coated with phosphors to generate light of
all colors other than blue. For example, the second LED string
708 may include blue LEDs coated with phosphors to gener-
ate green, yellow, and red light. Instead of the fourth LED
string 712, the third LED string 710 may include LEDs that
generate pure red light. Accordingly, the fourth LED string
712 may be unnecessary.

Referring now to FIGS. 18A and 18B, LED lamps 700-2
and 700-3 including a bleeder branch are shown. In FIG. 18A,
the LED lamp 700-2 includes all of the components of the
LED lamp 700 shown in FIG. 15 and additionally includes a
bleeder branch 714. In FIG. 18B, the LED lamp 700-3
includes all of the components of the LED lamp 700-1 shown
in FIG. 17 and additionally includes the bleeder branch 714.

The bleeder branch 714 does not include LEDs. The
bleeder branch 714 converts current into heat. For example,
the bleeder branch 714 may include a resistive load that
dissipates heat when current flows through the bleeder branch
714. The bleeder branch 714 allows the current control mod-
ule 704 to control current through the LED strings without
sacrificing the whiteness of the white light when the bright-
ness level is decreased by a user below a predetermined
threshold using a dimmer switch.

For example, the predetermined threshold may be 10%.
For brightness levels below 10%, the current control module
704 may divert 90% or more current through the bleeder
branch 714. The current control module 704 may distribute
the remaining 10% or less current through the third to first
LED strings (in the LED lamp 700-2) or through the fourth to
first LED strings (in the LED lamp 700-3) in a decreasing
order of magnitude.

For example, the current control module 704 may distrib-
ute most of the remaining 10% or less current through the
third LED string (in the LED lamp 700-2) or the fourth LED
string (in the LED lamp 700-3). The current control module
704 may distribute a smaller portion of the remaining 10% or
less current through the second LED string (in the LED lamp
700-2) or the third LED string (in the LED lamp 700-3), and
so on. The current control module 704 may distribute a small-
est portion of the remaining 10% or less current through the
first LED string. Effectively, most of the remaining 10% or
less current flows through the LED string (e.g., 710 or 712)
that generates more red light, and a smallest portion of the
remaining 10% or less current flows through the LED string
(706) that generates a small amount of blue light. This helps
maintain the color temperature of the white light as the bright-
ness level is decreased below the predetermined threshold.

The foregoing description is merely illustrative in nature
and is in no way intended to limit the disclosure, its applica-
tion, or uses. For example, the wavelength values and ranges
are approximate and provided for illustrative purposes only
and are not intended to be limiting. Based on the disclosure
and teachings provided herein, a person of ordinary skill in
the art would appreciate the various other wavelength values
and ranges that may be used. The broad teachings of the
disclosure can be implemented in a variety of forms. There-
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fore, while this disclosure includes particular examples, the
true scope of the disclosure should not be so limited since
other modifications will become apparent upon a study of the
drawings, the specification, and the following claims. For
purposes of clarity, the same reference numbers will be used
in the drawings to identify similar elements. As used herein,
the phrase at least one of A, B, and C should be construed to
mean a logical (A or B or C), using a non-exclusive logical
OR. It should be understood that one or more steps within a
method may be executed in different order (or concurrently)
without altering the principles of the present disclosure.

Asused herein, the term module may refer to, be part of, or
include an Application Specific Integrated Circuit (ASIC); a
discrete circuit; an integrated circuit; a combinational logic
circuit; a field programmable gate array (FPGA); a processor
(shared, dedicated, or group) that executes code; other suit-
able hardware components that provide the described func-
tionality; or a combination of some or all of the above, such as
in a system-on-chip. The term module may include memory
(shared, dedicated, or group) that stores code executed by the
processor.

The term code, as used above, may include software, firm-
ware, and/or microcode, and may refer to programs, routines,
functions, classes, and/or objects. The term shared, as used
above, means that some or all code from multiple modules
may be executed using a single (shared) processor. In addi-
tion, some or all code from multiple modules may be stored
by a single (shared) memory. The term group, as used above,
means that some or all code from a single module may be
executed using a group of processors. In addition, some or all
code from a single module may be stored using a group of
memories.

The apparatuses and methods described herein may be
partially or fully implemented by one or more computer pro-
grams executed by one or more processors. The computer
programs include processor-executable instructions that are
stored on at least one non-transitory tangible computer read-
able medium. The computer programs may also include and/
or rely on stored data. Non-limiting examples of the non-
transitory tangible computer readable medium include
nonvolatile memory, volatile memory, magnetic storage, and
optical storage.

What is claimed is:

1. A system comprising:

afirst set of light emitting diodes configured to output light
having wavelengths in a wavelength range in a spectrum
of ultraviolet light, wherein the first set of light emitting
diodes is coated with a phosphor configured to convert
the ultraviolet light to blue light having wavelengths in a
wavelength range in a spectrum of blue light;

a second set of light emitting diodes configured to output
light having wavelengths in a wavelength range in the
spectrum of blue light, wherein the second set of light
emitting diodes is coated with phosphors configured to
convert the blue light to light having wavelengths in a
wavelength range in a spectrum of (i) green light, (ii)
yellow light, and (iii) red light, and wherein the second
set of light emitting diodes is configured to generate less
red light than green light;

athird set of light emitting diodes configured to output light
having wavelengths in a wavelength range in the spec-
trum of blue light, wherein the third set of light emitting
diodes is coated with phosphors configured to convert
the blue light to light having wavelengths in a wave-
length range in a spectrum of (i) green light, (ii) yellow
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light, and (iii) red light, and wherein the third set of light
emitting diodes is configured to generate less green light
than red light; and

a current control module configured to control currents
through the first, second, and third sets of light emitting
diodes to generate white light.

2. The system of claim 1, wherein a number of light emit-
ting diodes in the first set of light emitting diodes is less than
anumber of light emitting diodes in each of (i) the second set
of light emitting diodes and (ii) the third set of light emitting
diodes.

3. The system of claim 1, wherein the current control
module is configured to control a proportion of currents
through the first, second, and third sets of light emitting
diodes to generate white light of a predetermined color tem-
perature.

4. The system of claim 1, further comprising:

a fourth set of light emitting diodes configured to output
light having wavelengths in a wavelength range in a
spectrum of red light,

wherein the current control module is configured to control
a proportion of currents through the first, second, third,
and fourth sets of light emitting diodes to generate white
light of a predetermined color temperature.

5. The system of claim 1, further comprising:

a brightness control module configured to allow a user to
control a brightness level of the white light generated by
the first, second, and third sets of light emitting diodes,

wherein the current control module is configured to control
a proportion of currents through the first, second, and
third sets of light emitting diodes in accordance with the
brightness level to generate white light of a predeter-
mined color temperature.

6. The system of claim 5, wherein the current control
module is configured to increase a percentage of current
through the third set of light emitting diodes relative to the
first and second sets of light emitting diodes in response to the
brightness level being decreased.

7. The system of claim 5, wherein the current control
module is configured to increase a percentage of current
through the second set of light emitting diodes relative to the
first and third sets of light emitting diodes in response to the
brightness level being increased.

8. The system of claim 5, further comprising:

a load connected in parallel to the first, second, and third
sets of light emitting diodes, wherein the load does not
include light emitting diodes, and

wherein in response to the brightness level being decreased
to less than or equal to a predetermined threshold, the
current control module is configured to
divert a first portion of current through the load, and
distribute a second portion of the current through the

first, second, and third sets of light emitting diodes.

9. A method comprising:

outputting light from a first set of light emitting diodes
having wavelengths in a wavelength range in a spectrum
of ultraviolet light;

converting, using a phosphor coated on the first set of light
emitting diodes, the ultraviolet light to blue light having
wavelengths in a wavelength range in a spectrum of blue
light;

outputting from a second set of light emitting diodes light
having wavelengths in a wavelength range in the spec-
trum of blue light;

converting, using phosphors coated on the second set of
light emitting diodes, the blue light generated by the
second set of light emitting diodes to light having wave-
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lengths in a wavelength range in a spectrum of (i) green
light, (i1) yellow light, and (iii) red light;

generating, using the second set of light emitting diodes,
less red light than green light;

outputting from a third set of light emitting diodes light
having wavelengths in a wavelength range in the spec-
trum of blue light;

converting, using phosphors coated on the second set of
light emitting diodes, the blue light generated by the
third set of light emitting diodes to light having wave-
lengths in a wavelength range in a spectrum of (i) green
light, (i1) yellow light, and (iii) red light;

generating, using the third set of light emitting diodes, less
green light than red light; and

controlling currents through the first, second, and third sets
of light emitting diodes to generate white light.

10. The method of claim 9, further comprising including

fewer number of light emitting diodes in the first set of light
emitting diodes than each of (i) the second set of light emit-
ting diodes and (ii) the third set of light emitting diodes.

11. The method of claim 9, further comprising controlling

a proportion of currents through the first, second, and third
sets of light emitting diodes to generate white light of a
predetermined color temperature.

12. The method of claim 9, further comprising:

outputting from a fourth set of light emitting diodes light
having wavelengths in a wavelength range in a spectrum
of'red light; and
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controlling a proportion of currents through the first, sec-
ond, third, and fourth sets of light emitting diodes to
generate white light of a predetermined color tempera-
ture.
13. The method of claim 9, further comprising:
controlling a brightness level of the white light generated
by the first, second, and third sets of light emitting
diodes; and
controlling a proportion of currents through the first, sec-
ond, and third sets of light emitting diodes in accordance
with the brightness level to generate white light of a
predetermined color temperature.
14. The method of claim 13, further comprising increasing
a percentage of current through the third set of light emitting
diodes relative to the first and second sets of light emitting
diodes in response to the brightness level being decreased.
15. The method of claim 13, further comprising increasing
a percentage of current through the second set of light emit-
ting diodes relative to the first and third sets of light emitting
diodes in response to the brightness level being increased.
16. The method of claim 13, further comprising, in
response to the brightness level being decreased to less than
or equal to a predetermined threshold:
diverting a first portion of current through a load connected
in parallel to the first, second, and third sets of light
emitting diodes; and
distributing a second portion of the current through the
first, second, and third sets of light emitting diodes.

#* #* #* #* #*
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